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INTRODUCTION 

by E l e c t r o n  Microscopy 

The chemis t r y  and c o n c e n t r a t i o n  o f  m i n e r a l  m a t t e r  i n  c o a l s  a re  f a c t o r s  t h a t  p l a y  
i m p o r t a n t  r o l e s  i n  coal  combustion. Fo r  example, f o u l i n g ,  s l a g g i n g ,  c o r r o s i o n ,  and 
e r o s i o n  a re  a l l  m ine ra l  dependent processes t h a t  occur  i n  c o a l - f i r e d  steam p l a n t s .  
Of  t hese  processes, f o u l i n g  and s l a g g i n g  a re  p r o b a b l y  t h e  m s t  d e t r i m e n t a l  t o  steam 
p l a n t  e f f i c i e n c y .  
g i v e n  coal  have l e d  t o  t h e  development o f  equa t ions  based upon t h e  r a t i o s  o f  base t o  
a c i d  m ine ra l s  m u l t i p l i e d  by e i t h e r  t h e  s u l f u r  o r  sodium c o n t e n t .  (1,Z) E s s e n t i a l l y ,  
t h e s e  r a t i o s  take  i n t o  account t h e  l o w e r i n g  o f  t h e  ash f u s i o n  tempera tu re  as a 
f u n c t i o n  o f  i nc reased  a l k a l i  b e a r i n g  m i n e r a l s .  

I n  a d d i t i o n  t o  t h e  impact o f  m ine ra l  m a t t e r  on steam p l a n t  ope ra t i ons ,  m i n e r a l  
m a t t e r  a l s o  c o n t r i b u t e s  t o  atmospher ic  p a r t i c u l a t e s  v i a  steam p l a n t  s tack  emiss ions.  
Methods f o r  reduc ing  and/or  a l t e r i n g  t h e  e f f e c t s  o f  m i n e r a l s  i n  coa l  are l i m i t e d  by 
t h e  s i z e  and d i s t r i b u t i o n  o f  t h e  m i n e r a l s  which i s  i n  t u r n  r e l a t e d  t o  the  o r i g i n  o f  
t h e  m ine ra l s ,  namely, whether syngene t i c  o r  e p i g e n e t i c .  As r e p o r t e d  by Mackowsky ( 3 )  
e p i g e n e t i c  m i n e r a l s  can be mure r e a d i l y  removed f rom t h e  coa l  because they a r e  no t  as 
i n t i m a t e l y  mixed w i t h  t h e  o rgan ic  c o n s t i t u e n t s  (macera l s )  as syngene t i c  m i n e r a l s .  
Fur thermore,  t h e  e p i g e n e t i c  m i n e r a l s  may be c o n s i d e r a b l y  d i f f e r e n t  f rom t h e  
syngene t i c  m ine ra l s  due t o  d i f f e r e n c e s  i n  env i ronments a t  t h e  t i m e  o f  d e p o s i t i o n  
and/or  growth. 

C u r r e n t l y ,  a common procedure f o r  i d e n t i f y i n g  m i n e r a l s  i n  c o a l s  c o n s i s t s  o f  
f i r s t l y  low temperature ash ing  (L.T.A.) t h e  c o a l  and secondly  a n a l y z i n g  t h e  i n o r g a n i c  
r e s i d u e  by means o f  x - r a y  d i f f r a c t o m e t r y .  Added i n f o r m a t i o n  about t h e  m i n r a l  res idue  
may be a t t a i n e d  by u t i l i z i n g  a scanning e l e c t r o n  microscope (SEM) w i t h  energy 
d i s p e r s i v e  x - ray  a n a l y s i s  (EDX) t h i s  procedure he lps  i d e n t i f y  t h e  minor  m i n e r a l s  as 
w e l l  as l o c a t e  t r a c e  elements. An advancement over  t h e  a fo remen t ioned  SEM techn ique  
i s  one u t i l i z e d  by Finkelman ( 4 )  i n  which p o l i s h e d  b l o c k s  were used so t h a t  n o t  o n l y  
t h e  i d e n t i t y  o f  m i n e r a l s  were o b t a i n e d  but  a l s o  t h e i r  r e l a t i o n s h i p  t o  t h e  o r g a n i c  
c o n s t i t u e n t s  c o u l d  be determined.  

At tempts t o  p r e d i c t  t h e  f o u l i n g  and/or  s l a g g i n g  p o t e n t i a l  o f  a 

I n  r e c e n t  t r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p i c a l  s t u d i e s  o f  coa ls ,  (5,6) u l t r a f i n e  
m i n e r a l s  were observed ((1 um). The o b s e r v a t i o n  and i d e n t i t y  o f  t hese  submicron 
m i n e r a l s  would have been d i f f i c u l t  t o  achieve by use o f  t h e  scann ing  e l e c t r o n  
microscope (SEM). However, t h e  scanning t r a n s m i s s i o n  e l e c t r o n  microscope (STEM) w i t h  
energy d i s p e r s i v e  x - ray  a n a l y s i s  i s  an i d e a l  a n a l y t i c a l  t o o l  s i n c e  i t  i s  capab le  o f  
s u p p l y i n g  e lementa l  and d i f f r a c t i o n  da ta  f o r  p a r t i c l e s  as smal l  as 30 nm i n  d iameter .  
I n  t h i s  paper, we p resen t  o b s e r v a t i o n s  and ana lyses  o f  m i n e r a l  m a t t e r  i n  c o a l s  
o b t a i n e d  th rough  use o f  e l e c t r o n  microscopes.  
knowledge o f  t h e  m ine ra l  m a t t e r  i n  c o a l s  as r e l a t e d  t o  t h e i r  a f f e c t s  on c o a l  
combustion. 

These da ta  s i g n i f i c a n t l y  i n c r e a s e  our 
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EXPERIMENTAL 

Sample S e l e c t i o n  and P r e p a r a t i o n  

The samples used i n  t h i s  s tudy  were o b t a i n e d  f r o m  seve ra l  h i g h  v o l a t i l e  
b i t um inous  c o a l s  o f  Eas te rn  U n i t e d  S t a t e s  - I l l i n o i s  NO. 6, Kentucky NO. 9 ,  Elkhorn 
No. 3, and Hazard No. 4. Specimens were p repared  f o r  t h e  t r a n s m i s s i o n  e l e c t r o  
microscope s t u d i e s  f rom t h e  above c o a l s  u s i n g  a techn ique  p r e v i o u s l y  r e p 0 r t e d . 7 ~ )  
O p t i c a l  t h i n  s e c t i o n s  a p p r o x i m a t e l y  10-15 um t h i c k  were prepared.  
were removed f rom t h e  g l a s s  s l i d e s  u s i n g  acetone and subsequent ly  m u n t e d  i n  an i o n  
m i l l i n g  machine. Specimens were t h i n n e d  ( i o n  m i l l e d )  u s i n g  Argon gas and a l i q u i d  
n i t r o g e n  coo led  s tage  t o  i n s u r e  a g a i n s t  t he rma l  damage t o  t h e  specimen. A d d i t i o n a l  
specimens c o n s i s t i n g  o f  p o l i s h e d  b l o c k s  o f  c o a l  were prepared f o r  o b s e r v a t i o n  w i t h  
t h e  scanning e l e c t r o n  microscope.  

The t h i n  sec t i ons  

A h i g h - v o l t a g e  TEM ( M e V ) ,  a STEM (120Kv), and a SEM (JEM-U3) were used i n  t h i s  
s tudy .  The STEM and SEM were f i t t e d  w i t h  energy d i s p e r s i v e  x - ray  a n a l y s i s  systems 
u t i 1  i z i n g  S i  ( L i )  s o l i d  s t a t e  d e t e c t o r s .  M ic rochemica l  analyses o f  m i n e r a l s  f o r  
e lements o f  a tomic number 11 o r  g r e a t e r  c o u l d  be a t t a i n e d  f o r  p a r t i c l e s  as smal l  as 
20 nm by u s i n g  STEM w i t h  EOX. 

RESULTS AND DISCUSSION 

Submicron s i z e  m i n e r a l s  have been observed i n  a l l  t h e  h i g h  v o l a t i l e  b i tuminous 
c o a l s  t h a t  have been s t u d i e d  a t  t h i s  l a b o r a t o r y .  A r e p r e s e n t a t i v e  TEM micrograph o f  
t h e s e  c o a l s  (F ig .  1) r e v e a l s  t h a t  t hese  u l t r a - f i n e  m i n e r a l s  a r e  t y p i c a l l y  enc losed i n  
a m a t r i x  c o n s i s t i n g  o f  v i t r i n i t e .  These m i n e r a l s  are cons ide red  as syngene t i c  i n  r 
o r g i n ;  ( i .e.,  contemporaneously d e p o s i t e d  i n  t h e  peat b a s i n  w i t h  t h e  o r g a n i c  
c o n s t i t u e n t s ) .  L i m i t e d  s e l e c t e d  area d i f f r a c t i o n  (SAD) and energy d i s p e r s i v e  x- ray 
ana lyses  (EDX) o f  seve ra l  o f  t h e s e  m i n e r a l s ,  u s i n g  t h e  STEM, showed t h a t  k a o l i n i t e  
( c l a y )  i s  t h e  dominant m i n e r a l  spec ies .  However i t  must be n o t e d  t h a t  t h i s  a n a l y s i s  
i s  s t r i c t l y  q u a l i t a t i v e .  

systems, suggested t h a t  m i n e r a l  f ragmen ts  l e s s  t h a n  8 microns would n o t  be expected 
t o  g a i n  enough momentum t o  c o l l i d e  w i th  hea t  t r a n s f e r  t ubes  and these m i n e r a l s  would 
escape i n  t h e  gas stream. However, f r o m  ou r  p resen t  s t u d y  o f  submicron m i c e r a l s  one 
can conce ive  o f  t h e s e  p a r t i c l e s  f u s i n g  t o g e t h e r  t o  become s u b s t a n t i a l l y  l a r g e r  
f ragments.  F o r  example, a c u b i c  vm o f  v i t r i n i t e  may c o n t a i n  as much as 300 minera ls ,  
many o f  which a c t u a l l y  touch.  

A d d i t i o n a l  u l t r a f i n e  s y n g e n e t i c  m i n e r a l s  have been observed t o  be i n t i m a t e l y  
m ixed  w i t h  e x i n i t e  ( u s u a l l y  s p o r i n i t e )  and f ragments o f  i n e r t i n i t e  and v i t r i n i t e .  
These d u r a i n - l i k e  bands were p r o b a b l y  d e r i v e d  f r o m  sediments c o n s i s t i n g  o f  degraded 
o r g a n i c  m a t e r i a l s  and m i n e r a l  d e t r i t u s  d e p o s i t e d  t o g e t h e r  i n  t h e  peat swamp. The 
m i n e r a l  spec ies compr i s ing  these  d e p o s i t s  a r e  much more v a r i e d  t h a n  t h o s e  found i n  
t h e  v i t r i n i t e .  I n  f a c t ,  t h e s e  m i n e r a l s  u s u a l l y  c o n t a i n  many o f  t h e  m ino r  and t r a c e  
e lements assoc ia ted  w i t h  t h e  m i n e r a l  m a t t e r  i n  c o a l  (5)  such as t i n ,  n i c k e l ,  z i r con ium 
t i t a n i u m ,  and chromium. T y p i c a l l y ,  t h e s e  m i n e r a l s  have a w ide r  range o f  s i z e s  
v a r y i n g  from submicron p a r t i c l e s  t o  g r a i n s  s e v e r a l  m ic rons  long.  

by r e g i o n s  c o n s i s t i n g  of g r a n u l a r  macera l  f ragments and m i n e r a l s  (des igna ted  M-M). 
An aggregate o f  euhedra l  p y r i t e  ( P v )  c r y s t a l s  l o c a t e d  a t  one o f  t h e  s p o r i n i t e  (SP) 
boundar ies  i s  no t  an uncommon f e a t u r e  i n  many o f  t h e  c o a l s  examined a t  t h i s  
l a b o r a t o r y .  The s i z e  of t h e s e  p y r i t e  c r y s t a l s  (-1 urn) appears t o  be i d e n t i c a l  t o  the 

Moza e t  a l .  (a) ,  i n  a s tudy  o f  m i n e r a l s  i n  coa l  as r e l a t e d  t o  coa l  combustion 

The TEM m i c r o s t r u c t u r e  p resen ted  i n  F i g .  2 shows s p o r i n i t e  (Sp) segments bounded 
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p y r i t e  c r y s t a l s  i n  f ramboids l o c a t e d  i n  v i t r i n i t e  bands. 
t hese  m i n e r a l s  should p rove  more e a s i l y  removed f rom t h e  coa l  t h a n  those  w i t h i n  
macera l  s. 

It i s  wor th  n o t i n g  t h a t  

I n  F ig .  3, another  view o f  m i n e r a l  m a t t e r  i n  d u r a i n - l i k e  bands i s  shown. A 
s e c t i o n  o f  s p o r i n i t e  (Sp) i n t e r f a c e s  w i t h  t h e  i n e r t i n i t e  maceral s e m i f u s i n i t e  ( S F ) .  
The r e g i o n  between these  two macera ls  c o n t a i n s  f i n e  g r a n u l a r  m a t e r i a l  i n c l u d i n g  
m i n e r a l s .  A d d i t i o n a l  m i n e r a l s  and o r g a n i c  d e b r i s  a r e  l o c a t e d  w i t h i n  t h e  c o l l a p s e d  
s p o r i n i t e  w a l l s  (CE). A l a r g e  q u a r t z  g r a i n  (-6 pm) i s  l o c a t e d  i n  a crushed c e l l  i n  
t h e  s e m i f u s i n i t e  (SF). U s u a l l y  m i n e r a l  i n c l u s i o n s  w i t h i n  t h e  vacant  c e l l  c a v i t i e s  o f  
i n e r t i n i t e  a re  cons ide red  as e p i g e n e t i c .  T h i s  p o i n t  can be r a r e  c l e a r l y  demonstrated 
by v i e w i n g  an o p t i c a l  m ic rog raph  ( F i g .  4 )  t h a t  shows e p i g e n e t i c  p y r i t e  ( P y )  f i l l i n g  
t h e  crushed c e l l  c a v i t i e s  i n  s e m i f u s i n i t e  (SF). 

Common s t r u c t u r e s  found i n  b i tum inous  c o a l s  a r e  i n i c r o f r a c t u r e s  and/or  j o i n t s  
t h a t  formed p e r p i n d i c u l a r  t o  t h e  bedding p lane  o f  t h e  c o a l .  These f r a c t u r e s  ( j o i n t s )  
a r e  c a l l e d  c l e a t  and o r i g i n a t e d  i n  t h e  coa l  a f t e r  c o n s o l i d a t i o n  due t o  t e c t o n i c  
f o r c e s  a c t i n g  upon t h e  e a r t h ' s  c r u s t .  I n  F i g .  5, a SEM m ic rog raph  o f  a p o l i s h e d  
b l o c k  o f  c o a l ,  one can observe t h e  appearance o f  c l e a t  (CL). 
f i l l i n g  t h e  c l e a t  (CL) was i d e n t i f i e d  as c a l c i t e  based upon EDX and x - ray  d i f f r a c t i o n  
analyses,  t h e  l a t t e r  d e t e r m i n a t i o n  b e i n g  per formed on segments detached f rom t h e  
c o a l .  The c a l c i t e  forms a u n i f o r m  m i n e r a l  d e p o s i t  app rox ima te l y  10 pm t h i c k  and 
entends over  seve ra l  m i l l i m e t e r s .  A segment o f  t h e  c a l c i t e  sheet  removed f o r  
ana lyses  exposes one o f  t h e  c l e a t  w a l l s  (CLW). T y p i c a l l y ,  m i n e r a l s  i n  c l e a t  can be 
r e a d i l y  separated f rom t h e  o r g a n i c  c o n s t i t u e n t s  i n  c o a l ,  t h i s  i s  i n  c o n t r a s t  t o  t h e  
p y r i t e  ( P y )  framboids (F ig .  5) enc losed  i n  t h e  v i t r i n i t e  ( V )  band which would be 
ex t reme ly  d i f f i c u l t  t o  remove f rom t h e  coa l .  

The e p i g e n e t i c  m i n e r a l  

In a d d i t i o n  t o  t h e  presence of c a l c i t e  i n  c l e a t ,  p y r i t e  and k a o l i n i t e  a r e  a l s o  
commonly found i n  c l e a t  ( 9 ) .  The massiveness o f  t h e  e p i g e n e t i c  m ine ra l  d e p o s i t s  i n  
c o n t r a s t  t o  t h e  syngene t i c  m i n e r a l  d i s t r i b u t i o n  makes it apparent  t h a t  t h e  fo rmer  
m i n e r a l  t y p e  c o n s t i t u t e  t h e  ma jo r  f r a c t i o n  o f  m i n e r a l s  i n  c o a l .  The r e l a t i v e  absence 
o f  c a l c i t e  as a syngene t i c  m i n e r a l  and i t s  presence as a dominant c l e a t  m i n e r a l  i n  
these  c o a l s  suggests t h a t  c a l c i t e  c o u l d  r e a d i l y  be removed f rom t h e  coa l  by c u r r e n t  
b e n e f i c i a t i o n  w t h o d s .  Indeed such c l e a n i n g  o f  c o a l s  would a l s o  r e s u l t  i n  
c o n s i d e r a b l e  r e d u c t i o n  o f  p y r i t e  and k a o l i n i t e .  I n  genera l ,  t h e  removal o f  c a l c i t e  
and p y r i t e  should t e n d  t o  i nc rease  t h e  ash f u s i o n  tempera tu re  and consequen t l y  l e a d  
t o  a r e d u c t i o n  i n  f o u l i n g  and s l a g g i n g .  

1. 

2. 

3 .  

4. 

5. 

CONCLUSIONS 

Syngenet ic  and e p i g e n e t i c  m i n e r a l s  can be observed and i d e n t i f i e d  by e l e c t r o n  
microscopy i n  c o n j u n c t i o n  w i t h  energy d i s p e r s i v e  x - ray  a n a l y s i s .  

Submicron m i c e r a l s  t h a t  a r e  n o t  r e a d i l y  i d e n t i f i e d  o r  observed by scanning 
e l e c t r o n  microscopy a r e  e a s i l y  viewed by use o f  t r a n s m i s s i o n  e l e c t r o n  
microscopy . 
C a l c i t e  appears t o  be r e l a t i v e l y  sca rce  as a syngene t i c  m i n e r a l  whereas c a l c i t e  
i s  an i m p o r t a n t  e p i g e n e t i c  m i n e r a l  u s u a l l y  o c c u r r i n g  as c l e a t  d e p o s i t s .  

Impor tan t  minor  syngene t i c  m i n e r a l  assemblages appear t o  be assoc ia ted  wi th 
d e t r i t u s .  
e lements i n  c o a l .  

Most o f  the e p i g e n e t i c  m i n e r a l s  shou ld  be r e a d i l y  removed f rom t h e  coal  
r e s u l t i n g  i n  a p robab le  r e d u c t i o n  i n  f o u l i n g  and s lagg ing .  

These m i n e r a l s  p r o b a b l y  c o n t a i n  t h e  ma jo r  p o r t i o n  o f  m ino r  and t r a c e  
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F I G .  1. TEM MICROGRAPH OF A HIGH V O L A T I L E  B ITUMINOUS COAL SHOWIN THE D I S T R I B U T I O N  
OF SUBMICRON MINERALS (See A r r o w s )  I N  V I T R I N I T E  ( V ) .  

t 

F I G .  2. TEM MICROGRAPH SHOWING THE R E L A T I O N S H I P  OF S P O R I N I T E  ( S p )  WITH MINERAL 
BEARING BANDS (M-M). NOTE EUHEORAL P Y R I T E  ( P y )  CRYSTALS AT S P O R I N I T E  (Sp)  
BOUNDARY. 

I 
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F I G .  3. TEM MICROGRAPH OF MICROSTRUCTURE C O N T A I N I N G  S P O R I N I T E  ( S p )  AND S E M I F U S I N I T E  
(SF) .  A QUARTZ G R A I N  (See Arrow) I S  LODGED I N  A CELL C A V I T Y  I N  THE 
S E M I F U S I N I T E  (SF) .  

F I G .  4. O P T I C A L  MICROGRAPH SHOWING E P I G E N E T I C  P Y R I T E  ( P y )  F I L L I N G  THE CRUSHED CELL 
C A V I T I E S  I N  THE S E M I F U S I N I T E  (SF) .  
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F I G .  5. SEM MICROGRAPH SHOWING C A L C I T E  DEPOSIT  (See A r r o w s )  I N  CLEAT.  
FRAMBOIDS ENCLOSED I N  V I T R I N I T E  ( V )  ALSO CAN BE SEEN. 

P Y R I T E  ( P y )  
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